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POSITION CONTROL SYSTEM FOR USE 
WITH MICROMECHANICAL ACTUATORS 

This invention Was made With United States government 
support awarded by the following agencies: DOD-Army 
grant No: DABT63-93-C-0066; DOD-AF Grant No: 
F33615-95-C-1764; DOE Grant No: AV-5723; and ONR 
Grant No: N00014-93-1-0911. The United States has certain 
rights in this invention. 

FIELD OF THE INVENTION 

This invention pertains generally to the ?eld of position 
ers and actuators, particularly to micromechanical actuators, 
and to control devices for such actuators. 

BACKGROUND OF THE INVENTION 

Signi?cant advances have been made in the development 
of miniaturiZed electromechanical devices useful for a vari 
ety of purposes, such as electrical and optical sWitches. 
Examples of such devices are described in, for example, T. 
Earles, P. Mangat, J. Klein, and H. Guckel, “Magnetic 
Microactuators for Relay Applications,” Proc. of Actuator 
96, 5th International Conference on NeW Actuators, Jun. 
26—28, 1996, Bremen, Germany, pp. 132—135, and US. Pat. 
No. 5,644,177, entitled Micromechanical Magnetically 
Actuated Devices. Such micromachined actuators are Well 
suited for use in sWitches in Which, generally, a stream of 
electronic, optical, or molecular ?ux is mechanically 
directed from a pole channel to either of tWo throW channels. 
Supplying a suf?cient current to a drive coil sWitches the 
movable element of the actuator to one of its terminal 
positions; it can be returned to its other terminal position 
either by use of a second coil Which is alternately activated 
or by a spring Which biases the movable element of the 
actuator to its normal stationary or latched position When 
current to the coil of the actuator is cut off. 

For many applications, it is desirable to be able to adjust 
the position of the movable element of an electromagnetic 
actuator, either continuously or in steps, until the element is 
at a position intermediate the terminal positions of the 
actuator. Examples of applications for such actuators include 
certain types of multi-position optical sWitches and com 
puter hard drive head controllers. A micromechanical 
plunger supported by a spring, for example, may be draWn 
by the magnetic ?eld from a drive coil, supplied With a 
selected level of current, to an intermediate position at Which 
the spring return force is balanced by the magnetic attraction 
force from the drive coil. In order to provide suf?cient 
positional accuracy for such a system, it is necessary to feed 
back a signal related to the displacement of the plunger to 
control the drive current to the coil so that the plunger 
reaches and remains at its desired commanded position. 
Some type of sensor must thus be used to detect the position 
of the plunger. Commonly used position sensors in larger 
mechanical systems include variable reactive elements, i.e., 
capacitors or inductors, the reactances of Which change With 
the position of the moveable element. For example, a 
sensing coil may be mounted adjacent to a plunger formed 
of ferromagnetic metal such that the inductance of the 
sensing coil changes With the position of the plunger. 
HoWever, in micromechanical systems, any sensing 
elements—coils or capacitors—must necessarily be quite 
small, so that the resistance of the element relative to its 
reactance is generally greater than Would be found in 
sensing elements for larger mechanical systems. The rela 
tively loW Q factor for such micromechanical sensing sys 
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2 
tems thus makes the use of resonant circuit detectors of the 
type used in large mechanical systems subject to unaccept 
ably large errors in sensing accuracy. 

SUMMARY OF THE INVENTION 

In accordance With the present invention, a simple, 
inexpensive, compact and high precision positioning system 
is provided Which is Well suited for use With micromechani 
cal actuators. The positioning system alloWs the feedback 
control of the position of a moving element in a microme 
chanical actuator to move the element to a desired position 
Within its range of movement, and to maintain the element 
at that position in the presence of disturbances. The posi 
tioning system can utiliZe loW Q sensing coils to sense the 
position of the moving element While nonetheless providing 
precise positioning of the moving element. 

The position control system of the invention incorporates 
the mechanical actuator system into a phase-locked loop 
Which is synchroniZed to a signal from a reference oscillator 
at a selected reference frequency. A sensing coil is coupled 
to the movable element of the mechanical actuator system 
such that the effective inductance of the sensing coil changes 
With a change in position of the movable element. The 
sensing coil is part of a resonant tank circuit that controls the 
frequency of oscillation of a variable frequency oscillator. 
The output signal of the variable frequency oscillator is 
compared in a phase detector With the reference oscillator 
signal, and the phase detector provides a pulsed output 
signal having a pulse duty cycle that is related to the phase 
or frequency difference. This output signal is provided as a 
drive signal to the drive coil of the actuator. When the 
movable element is at a stable position, the frequency of the 
output signal of the variable frequency oscillator matches 
the reference oscillator frequency, and With a constant phase 
difference betWeen the tWo signals, Which results in poWer 
provided to the drive coil at a level such that the magnetic 
force applied by the drive coil is balanced by a restoring 
spring force so that the movable element is stationary. Any 
mechanical disturbance of the movable element, e.g., from 
external vibrations, results in a change of the phase differ 
ence betWeen the variable oscillator signal and the reference 
oscillator signal, Which serves to increase or decrease the 
duty cycle of the pulsed drive poWer to the drive coil as 
appropriate to move the movable element back to the desired 
position. 

The position of the movable element can be selectively 
changed, e.g., in a stepWise manner, by changing the fre 
quency of the reference oscillator signal. If the movable 
element of the actuator is to be displaced to a neW position, 
the output signal of the reference oscillator is changed to a 
frequency Which is knoWn to correspond to that position. A 
stepWise increase in the reference oscillator frequency 
results in a change in the output signal from the phase 
detector Which is provided to the drive coil that reduces the 
magnetic ?eld force on the movable element, alloWing the 
spring to move the movable element in a direction to reduce 
the inductance of the sensing coil and thus increase the 
resonant frequency of the variable oscillator circuit until its 
frequency matches that of the reference oscillator. The 
difference in phase betWeen the tWo oscillator signals then 
stabiliZes at a neW stationary position of the movable 
element. Conversely, a stepWise decrease in the reference 
oscillator frequency results in a change in the output drive 
signal from the phase detector to the drive coil that increases 
the magnetic ?eld from the drive coil, moving the mechani 
cal system in a direction to increase the inductance of the 
sensing coil and loWer the frequency of oscillation of the 
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variable oscillator circuit until it matches the frequency of 
the reference oscillator. The movable element then stabiliZes 
at a position at Which there is constant phase difference 
betWeen the reference oscillator signal and the variable 
oscillator signal. 

The positioning control circuit of the invention may be 
implemented using simple, inexpensive circuit components. 
The variable oscillator circuit that incorporates the sensing 
coil, in particular, may be implemented as a simple positive 
feedback circuit using a conventional ampli?er. Nonlinear 
feedback is provided in the oscillator circuit to limit oscil 
lation groWth. Incorporation of the sensing coil in the 
variable oscillator circuit in this manner provides a sensitive 
measure of moving element position that is relatively stable 
over time and With respect to changes in ambient tempera 
ture and component values. 

Further objects, features and advantages of the invention 
Will be apparent from the folloWing detailed description 
When taken in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings: 
FIG. 1 is a perspective vieW of an exemplary microme 

chanical actuator incorporating the positioning system of the 
invention. 

FIG. 2 is a block diagram of the micromechanical actuator 
and positioning system of the invention. 

FIG. 3 is a schematic circuit diagram of a variable 
frequency oscillator that may be utiliZed in the present 
invention. 

FIG. 4 is a schematic diagram of a phase detector circuit 
that may be utiliZed in the invention. 

FIGS. 5A—5C are exemplary Waveforms of, respectively, 
the sinusoidal oscillator signals provided to the phase detec 
tor circuit of FIG. 4, the square Wave outputs of the 
comparators in the circuit of FIG. 4, and the Waveform of the 
phase detector output signal for such input signals. 

FIG. 6 is a diagram illustrating the output signal duty 
cycle as a function of phase for the phase detector circuit of 
FIG. 4. 

FIG. 7 is an exemplary Waveform of the output signal of 
the phase detector circuit of FIG. 4 Where the tWo oscillator 
input signals to the phase detector are at different frequen 
cies. 

DETAILED DESCRIPTION OF THE 
INVENTION 

For purposes of illustrating the principles of the present 
invention, an exemplary mechanical actuator system is 
shoWn generally at 10 in FIG. 1. It includes a magnetically 
actuated mechanical linear actuator 15 and a positioning 
system controller 16 Which, as described further beloW, 
functions to sense the position of the movable element of the 
actuator 15 and to provide drive current to the actuator to 
control its position. 

The mechanical actuator 15 of FIG. 1 may be formed, for 
example, as described in US. Pat. No. 5,644,177, and is 
shoWn for purposes of illustrating the invention only, it 
being understood that the present invention may be incor 
porated in any other suitable type of magnetically actuated 
mechanical actuator, and is particularly useful for microme 
chanical actuators. The actuator 15 is formed on a substrate 
21, Which may have a generally planar top surface 22 as 
shoWn. The substrate 21 may be formed of a variety of 
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4 
materials, including metals, plastics, ceramics, glasses, and 
semiconductors. Where electronic components are to be 
integrated With the actuator 15, it is preferable that the 
substrate 21 be a semiconductor, such as single crystal 
silicon. The actuator 15 includes a ?xed magnetic core 23 
having tWo separate sections 24 formed on the surface 22 of 
the substrate 21. As illustrated in FIG. 1, the core sections 24 
are formed generally in a planar fashion on the planar 
surface 22 of the substrate 21. In addition, a coil section 25 
has an upright mandrel 26 Which forms part of the magnetic 
core. The mandrel 26 has end sections 27 With pegs 28 
formed thereon by Which the mandrel engages the ?xed 
sections 24 of the core formed on the substrate. A coil 30 of 
?ne electrical Wire, having outlet leads 31 connected to the 
controller 16 to receive poWer therefrom, is Wound around 
a central core portion of the mandrel 26 (obscured by the coil 
30 in FIG. 1). Both the mandrel 26 and the ?xed core 
sections 24 are formed of a ferromagnetic metal, such as 
nickel, iron, or nickel-iron alloys. End faces 33 of the core 
sections 24 are spaced from one another to de?ne a gap into 
Which a magnetic head 35 of an actuator plunger 36 extends. 
The plunger 36 forms the movable element of the actuator. 
The plunger 36, or at least the head thereof, is also formed 
of a magnetic material, for example a ferromagnetic metal. 
The plunger 36 is supported for linear movement by springs 
37 Which preferably provide a highly linear spring force. 
The springs 37 illustrated in FIG. 1 are rectangular type 
springs having a mounting section 38 on either side of the 
central body portion 39 of the actuator plunger 36, With 
openings 51 therein by Which the springs are mounted to 
posts 50 extending from the substrate, outWardly extending 
sections 40 Which join an outWard end section 41, and 
inWardly extending sections 42 Which extend from the end 
section 41 to join the plunger body 39. The spring sections 
40, 41 and 42 are free of the substrate 21 and thus can move 
as the plunger 36 moves. 

A sensing coil 55 may be mounted, as shoWn in FIG. 1, 
on a mandrel 26‘ Which is engaged to core sections 24‘ 
having end faces 33‘ adjacent to a head section 45 of the 
plunger 26. The ferromagnetic material of the head section 
45 is coupled to the sensing coil 55 so that the inductance of 
the sensing coil changes With the position of the plunger 28. 
The mandrel 26‘ and ?xed core sections 24‘ may be formed 
in the same manner as the mandrel 26 and the core sections 
24. As the plunger is draWn magnetically into the gap 
betWeen the end faces 33 of the core sections 24, the head 
section 45 is moved into the gap betWeen the end faces 33‘ 
to thus increase the effective inductance of the sensing coil 
55. The sensing coil 55 is connected by Wires 56 to the 
positioning system controller 16, Which utiliZes the signal 
from the sensing coil to determine the position of the plunger 
26. It is a particular advantage of the present invention that 
precision positioning can be obtained With a sensing coil 55 
having a very loW Q factor, e.g., Q=0.1 to 1.0, as is typically 
the case for micromechanical systems. 
A block diagram of the components of the positioning 

system controller 16 as coupled to the actuator system 15 is 
shoWn in FIG. 2. As illustrated therein, the controller 16 
includes a variable oscillator circuit 57 to Which the sensing 
coil 55 is connected by the lines 56. The variable oscillator 
circuit 57 provides an output signal on a line 59 at a 
frequency (of to a phase detector 60. An adjustable frequency 
reference oscillator 61, Which may be any suitable oscillator, 
such as a commercially available adjustable frequency sig 
nal generator, provides an output signal on a line 62 to the 
phase detector 60 at a reference frequency 00,. The phase 
detector 60 provides a pulsed output signal on the lines 31 
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to the drive coil 30 With a pulse duty cycle that is related to 
the phase difference betWeen the variable oscillator output 
signal and the reference oscillator output signal Where the 
reference oscillator frequency our and the variable oscillator 
frequency uufrnatch each other. When the tWo frequencies 00, 
and u) are not the same, the phase detector 60 provides a 
pulsed output signal that, as explained further beloW, has a 
pulse Width that varies as a function of the difference 
betWeen the frequencies of the tWo signals. The drive coil 30 
When supplied With the pulses of current provides corre 
sponding pulses of magnetic force to move (or hold) the 
plunger 36 of the mechanical system 15. The displacement 
of the plunger affects the inductance of the sensing coil 55. 
The sensing coil 55 forms part of a resonant tank circuit in 
the oscillator circuit 57 that determines the frequency of 
oscillation of the variable oscillator 57. Thus, the mechani 
cal system 15 can be controlled by control of the adjustable 
reference oscillator 61 by changing the frequency our of the 
reference output signal on the lines 62 provided to the phase 
detector 60. By effectively incorporating the mechanical 
system 15 into a phase locked loop in this manner, very 
accurate and relatively noise invariant control of the micro 
rnechanical system is obtained utiliZing the relatively loW Q 
sensing coil 55, and in an efficient, cost-effective implemen 
tation. 
An example of a suitable simple and inexpensive oscil 

lator circuit 57 is shown schematically in FIG. 3. The 
oscillator circuit 57 comprises a high-gain operational 
arnpli?er 70 (e.g., a loW cost video arnpli?er Without an 
internal phase cornpensation circuit) With a positive feed 
back loop connected to the positive (non-inverting) input of 
the arnpli?er comprising a series resonant tank circuit 
including the sensing coil 55 (of equivalent inductance L and 
resistance RL) and a capacitor 71 of capacitance C. Aresistor 
RB represents the resistance path to ground in the positive 
feedback loop. A negative feedback loop connected to the 
negative (inverting) input of the operational arnpli?er 70 
includes a feedback resistor R1, a grounding resistor R2, and 
a second nonlinear feedback branch in parallel With the 
resistor R1 comprised of a resistor R5 and paralleled, oppo 
sitely conducting diodes D1 and D2. The circuit of FIG. 3 
Will oscillate at the resonant angular frequency 

1 
(of: 

To maintain resonance, it is preferable that RL/RB=R1/R2, 
Where RL and RB represent resistance in the positive feed 
back branch of the circuit and the ratio Rl/R2 determines the 
gain of the ampli?er, or, stated equivalently, that the opera 
tional arnpli?er 70 supplies just enough poWer to cornpen 
sate for the losses in the system to provide the unity gain 
required for sustained oscillation. To reduce the effect of 
variations in resistor values due to thermal or other 
disturbances, the nonlinear feedback branch comprised of 
the resistor R5 and the diodes D1 and D2 is used to limit 
oscillation groWth and to reduce sensitivity to small changes 
in component values. To ensure that oscillations begin, the 
value of R1 may be set slightly larger than that required for 
steady state oscillations so that very small signals near Zero 
volts experience a positive exponential groWth. Once the 
signals have suf?cient magnitude to forWard bias the feed 
back diodes D1 and D2, the resistor R5 Will appear in parallel 
With the resistor R1, loWering the effective value of the 
negative feedback loop resistance. When stable oscillations 
are being produced, any small changes in resistance values 
Will be compensated because of the nonlinear feedback 
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6 
provided by the diodes D1 and D2 Which adjusts the effective 
value of the negative loop feedback resistance to maintain 
unity loop gain. Because the inductance L is a function of the 
actuator plunger position x(t), the frequency of the oscillator 
57 is indicative of the displacement of the actuator plunger 
36. By Way of example only, for a rnicro-sensing coil 55 
With (initial) L=64 rnH and RL=360 ohrns, typical values for 
other components are: C=0.1 pF, RB=360 ohrns, R1=15 
Kohrns, R2=10 Kohrns, and R5=22 Kohrns. 
A schematic diagram of an exemplary phase detector 60 

is shoWn in FIG. 4. The phase detector circuit 60 of FIG. 4 
includes a ?rst cornparator 74, referenced to ground, Which 
receives the reference oscillator signal on the line 62, and a 
second cornparator 75, referenced to ground, Which receives 
the variable oscillator signal on the line 59. The outputs of 
the cornparators 74 and 75 are provided (through diodes 77 
and 78, respectively, to prevent negative potentials from 
being passed) to an exclusive OR (XOR) gate 80, the output 
of Which is provided to a voltage folloWer operational 
arnpli?er 81. The circuit 60 compares the reference fre 
quency signal supplied on the line 62 to the feedback signal 
provided on the line 59 from the variable oscillator circuit. 
The output of the phase detector on the lines 31 is a duty 
cycle rnodulated square Wave Which is used to poWer the 
actuator drive coil 30. The cornparators 74 and 75 convert 
the incoming sine Waves on the lines 59 and 62 to square 
Waves at the frequencies 00, and uufof the reference oscillator 
and the variable oscillator, respectively. The output of the 
exclusive OR (XOR) gate 80 Will be in the logical high state 
When the inputs received from the cornparators 74 and 75 are 
in different states, one high and one loW, and Will be loW 
otherWise. The output of the XOR gate 80, as passed through 
the arnpli?er 81, is a string of voltage pulses Which are only 
high When the tWo input signals from the cornparators 74 
and 75 differ. The Width of the pulses provided from the 
XOR gate 80 is effectively the time lag betWeen the refer 
ence oscillator signal on the line 62 and the variable oscil 
lator signal on the line 59, and is directly proportional to the 
phase difference betWeen these tWo signals When the signals 
are at the same frequency, as illustrated in FIGS. 5A—5C. 
FIG. 5A shoWs the sine Wave input signals 85 and 86 on the 
lines 62 and 59, respectively, FIG. 5B shoWs the correspond 
ing outputs 88 and 89 of the cornparators 74 and 75, 
respectively, and Fig. C shoWs the output 90 of the XOR 
gate 80. For example, for a 0° phase shift, the input signals 
are either both positive or negative at all times, and the 
outputs of the cornparators are identical, causing the pulse 
output signal 90 of the exclusive XOR gate 80 to be at a 0% 
duty cycle. Conversely, at 180° phase shift, the signals from 
the tWo cornparators alWays have different polarity, and the 
pulse output of the XOR gate goes to a 100° duty cycle. For 
phase shifts larger than 180° or less than 0°, the duty cycle 
changes as a triangle Wave function 92 of the phase 
difference, as illustrated in FIG. 6. 
The voltage pulses from the phase detector result in 

corresponding pulses of current in the coil 30 at a frequency 
tWice the reference signal frequency w, (e.g., wr=2000 HZ). 
The mass of the plunger essentially loW pass ?lters the 
pulses of force applied by the drive coil to the plunger to 
yield an effective steady state position in Which the loW pass 
?ltered component of the magnetic force pulses applied to 
the plunger is balanced by the spring bias force. If desired, 
a separate loW pass ?lter betWeen the phase detector and 
drive coil may be used to ?lter the signal provided to the 
drive coil, but because of the dynamics of the mechanical 
system 15 such a ?lter is generally not necessary. 
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When the frequencies 00, and (of of the input signals are 
not identical, the exclusive OR gate 80 produces a signal 
based on the effective phase (I), betWeen the tWo signals, 

Where (Do is the effective phase at time to. As long as the 
input frequencies differ, the integral Will continue to change 
the value of the effective phase. The duty cycle of the pulse 
output 90 of the XOR gate 80 Will ramp from 0% to 100% 
and back at a rate determined by the difference of the tWo 
input frequencies, as illustrated in FIG. 7. The output signal 
90 as shoWn in FIG. 7 thus has a loW frequency component 
that varies periodically, and the mass-spring system formed 
by the plunger 36 supported by the springs 37 effectively 
folloWs this loW frequency component so that the plunger 
Would move periodically from 0% de?ection to 100% 
de?ection and back again if the input frequencies our and (of 
continued to differ. HoWever, as the plunger moves, it 
effectively changes the inductance of the coil 55, and 
eventually the plunger reaches a position at Which the 
frequencies 00, and (of are the same, at Which point frequency 
lock is attained. The plunger then stabiliZes at a position at 
Which the phase lag betWeen the reference oscillator signal 
and the variable oscillator signal produces a pulsed output 
90 to the drive coil 30 With a pulse duty cycle that provides 
an effective DC component of magnetic force in the plunger 
to exactly balance the return force of the springs 37 at the 
neW plunger position. 

The phase detector circuit shoWn in FIG. 4 is a very 
simple and inexpensive phase detector implementation, and 
is thus preferred. HoWever, any appropriate phase and/or 
frequency lock circuit used in phase-locked loops could as 
Well be utiliZed. 

It is understood that the invention is not con?ned to the 
particular embodiments set forth herein as illustrative, but 
embraces all such forms thereof as come Within the scope of 
the folloWing claims. 
What is claimed is: 
1. A mechanical actuator positioning system comprising: 
(a) a magnetically actuatable movable element; 
(b) a spring connected to the movable element to spring 

bias the movable element; 
(c) a drive coil coupled to the movable element to apply 

a magnetic force to the movable element against the 
force of the spring as a function of the current supplied 
to the drive coil; 

(d) a sensing coil coupled to the movable element that 
changes its effective inductance as a function of the 
position of the movable element; 

(e) a variable oscillator incorporating the sensing coil in 
a resonant circuit to control the frequency of oscillation 
of the output signal of the variable oscillator as a 
function of the inductance of the sensing coil; 

(f) a reference oscillator providing a reference output 
signal at a selectable frequency; and 

(g) a phase detector receiving the output signals from the 
variable oscillator and the reference oscillator and 
providing a pulsed output signal related to the differ 
ence in phase and frequency betWeen the tWo signals, 
the output signal of the phase detector connected to 
provide drive poWer to the drive coil. 

2. The mechanical actuator positioning system of claim 1 
Wherein the phase detector includes an exclusive OR gate. 
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3. The mechanical actuator positioning system of claim 1 

Wherein the variable oscillator comprises an operational 
ampli?er having positive and negative inputs, the sensing 
coil connected With a series capacitor to form a resonant tank 
circuit in a feedback loop to an input of the operational 
ampli?er, and a resistive circuit connected in a feedback 
loop to the other input of the operational ampli?er, the 
resistive circuit including a nonlinear resistance that changes 
the effective resistance of the feedback loop to limit the 
maximum amplitude of the output signal from the variable 
oscillator. 

4. The mechanical actuator positioning system of claim 1 
Wherein the movable element is a plunger formed of a 
ferromagnetic material and the spring is integrally formed 
With the plunger, and Wherein the spring is mounted to a 
substrate so as to position the plunger above the substrate for 
freedom of motion of the plunger. 

5. The mechanical actuator positioning system of claim 4 
Wherein the drive and sensing coils are formed around 
ferromagnetic mandrels Which are mounted to magnetic 
cores formed on the substrate With gaps betWeen them into 
Which portions of the plunger can move, by Which the 
magnetic ?eld from the drive coil is coupled to the plunger 
and by Which the sensing coil is coupled to the plunger. 

6. A positioning controller for a mechanical actuator 
system of the type having a magnetically actuatable movable 
element, a spring connected to the movable element to 
spring bias the movable element, a drive coil coupled to the 
movable element to magnetically attract the movable ele 
ment against the force of the spring as a function of the 
current supplied to the drive coil, and a sensing coil coupled 
to the movable element that changes its effective inductance 
as a function of the position of the movable element, the 
controller comprising: 

(a) a variable oscillator incorporating the sensing coil in 
a resonant circuit to control the frequency of oscillation 
of the output signal of the variable oscillator as a 
function of the inductance of the sensing coil; 

(b) a reference oscillator providing a reference output 
signal at a selectable frequency; and 

(c) a phase detector receiving the output signals from the 
variable oscillator and the reference oscillator and 
providing an output related to the difference in phase 
and frequency betWeen the tWo signals, the output 
signal of the phase detector connected to provide drive 
poWer to the drive coil. 

7. The positioning controller of claim 6 Wherein the phase 
detector includes an exclusive OR gate. 

8. The positioning controller of claim 6 Wherein the 
variable oscillator comprises an operational ampli?er having 
positive and negative inputs, the sensing coil connected With 
a series capacitor in the feedback loop to an input of the 
operational ampli?er, and a resistive circuit connected in a 
feedback loop to the other input of the operational ampli?er, 
the resistive circuit including a nonlinear resistance that 
changes the effective resistance of the feedback loop to limit 
the maximum amplitude of the output signal from the 
variable oscillator. 

9. A method of controlling the position of a movable 
element of a mechanical actuator, comprising the steps of: 

(a) supporting a movable element of a mechanical actua 
tor connected to a spring to spring bias the movable 
element, and coupling a drive coil to the movable 
element to move the same against the force of the 
spring in relation to the drive current provided to the 
drive coil; 

(b) coupling a sensing coil to the movable element such 
that a change in position of the moveable element 
changes the effective inductance of the sensing coil; 
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(c) connecting the sensing coil in a resonant circuit of a 
variable oscillator such that the frequency of the output 
signal of the variable oscillator varies as a function of 
the inductance of the sensing coil; and 

(d) comparing the frequency and phase of the output 
signal of the variable oscillator to a reference signal at 
a selected frequency and phase, and providing a pulsed 
drive signal to the drive coil that is related to the 
difference betWeen the frequency and phase of the 
reference oscillator signal and the variable oscillator 
signal to increase or decrease the current supplied to the 
drive coil to move the movable elernent until the 

10 
frequency of the reference oscillator signal and the 
variable oscillator signal are the same and until the 
phase difference betWeen the tWo signals provides a 
drive signal to the drive coil sufficient to provide 
magnetic force to the movable element to balance the 
spring bias force to maintain the movable element in a 
stationary position. 

10. The method of claim 9 including the step of changing 
the frequency of the reference signal to a neW frequency to 

10 thereby change the position of the movable elernent. 

* * * * * 


